Rubber seed oil, derived from the seeds of the rubber tree e Hevea brasiliensis, has been shown as a viable option for biodiesel production. However, few studies have investigated the factors influencing rubber seed yield. This study evaluates rubber seed yield through in situ counting of rubber seeds from the dominant rubber tree clones (RRIM600# and GT1#) in Xishuangbanna, China. Comparisons of seed yield across tree age classes and along an elevation gradient were carried out. The rubber seed yield survey was then used as a predictor for potential rubber seed oil production, both locally and regionally, and calculates the potential biodiesel production from the rubber seed oil. The results indicate that rubber seed yield is directly linked with tree age and size, and that elevation does not affect rubber seed yield within this region. Seed yield varied greatly (3-fold) between the two cultivars studied. Furthermore, it was calculated that there is a potential production of 1.94 Mt of rubber seed oil and 1.80 Mt of biodiesel from this oil, within SE Asia (Southeast Asia).
Introduction
Biodiesel has been proposed as a viable option for the supplementation of fossil fuels and is likely to be a key contributor to the global energy demand. The primary constraint for the production of biodiesel is the lack of available feedstock to produce biodiesel on a large enough scale [1e3] . The three main sources of oil for biodiesel production originate from: 1) the use of edible oils, 2) non-edible oils, and 3) microalgae [1, 2] . However, due to competition for land use space with food crops, edible oils are less of a viable option, and currently microalgae production is too expensive to be produced on a large scale, leaving non-edible oils as the best source of oils for biodiesel [2e4] .
There are a number of non-edible vegetable oil plants that have potential for use in biodiesel production, of these, Jatropha curcas has received a lot of attention and been the focus of much research [5e7] . However, other viable options are still required, especially in light of the large scale production required to supply enough oil to meet energy demands and competition for land space with food crops.
RSO (Rubber seed oil), derived from the seeds of Hevea brasiliensis, is an exciting alternative with great potential for use in biodiesel production [8, 9] . Furthermore, it can be injected directly into an internal-combustion engine [10] , or blended with diesel derived from fossil fuels [11] . RSO can also be transferred into RSOME (rubber seed oil methyl ester) using different trans-esterification methods [8,12e15] , and by different catalysts [16] . In order to improve the fuel performance, RSO and RSOME can be inducted by hydrogen [17] or coir-pith producer gas [18] , or mixed with diethyl ether [19] . The performance and emissions of RSO biodiesel have been tested [20] and compared with other vegetable based biodiesels [21, 22] , and found to be a suitable vegetable oil for biodiesel production. The work of Satyanarayana and Muraleedharan [23] found that not only is RSO a viable option for biodiesel production, but it also had the lowest CO 2 and NO 2 emission rates of the vegetable oils tested in the study. An additional factor making RSO an attractive option for biodiesel production is the existing scale at which rubber plantations already exist, thus eliminating competition for land space with vegetable crops. It has been reported that there is currently 9,712,355.52 Ha of rubber plantations worldwide in 2011 [24] .
Despite the role RSO can play in the production of biodiesel, little attention has been given to rubber seed yield. Few studies have investigated rubber seed yields and even these amounts were based on estimates and not fixed counts (Table 1) [ 11,12,15,17e20,22,25e33] . However, other studies have highlighted the need to investigate new sources of biofuels, for example, Wu et al. [34] , state that China should now focus on nonedible biomass for biodiesel production and thus seek alternative sources for biofuels, and one such source would be rubber seed oil.
Given the large areas around the world under rubber plantations and the potential value of RSO that can be produced, it is essential to fully understand what affects the seed yield of rubber trees. Within China, Xishuangbanna, which lies at the northern end of Southeast Asian rubber plantation zone [35] , has the highest concentration of rubber plantations and thus has abundant rubber seed resources (Fig. 1a) [35, 36] , making it an ideal location to investigate rubber seed yields. Based on the lack of current literature relating to seed yield in rubber plantations, this paper aims to investigate the affect of tree age and size, as well as environmental factors, such as elevation, on seed yield from rubber trees grown in Xishuangbanna. Furthermore, we calculate the potential (based on calculated amounts of rubber seeds produced per hectare) RSO that can be produced in Xishuangbanna, as well as in the entire SE Asia (Southeast Asia) region. These figures are converted into fixed amounts of potential (based on the conversion of RSO to biodiesel) biodiesel that could be produced from the RSO.
Materials and methods

Study site
Xishuangbanna lies in the Southeast part of Yunnan Province, China (Fig. 1a) . As of the end of 2010, there were 342.3 kHa of planted rubber in this region [37] . For the Xishuangbanna area, rubber trees are planted in a 2 m Â 10 m grid, amounting to 500 trees per hectare [38] .
The climate is summer monsoon, rains falling between May and October. There are frequent heavy rains and strong winds in July and August, often resulting in rubber trees being blown over or the breaking of branches, and landslides, which bring down entire rubber trees. This is of use when carrying out the seed counts for the trees.
Sampling and rubber seed counting was conducted at 8 sites in Xishuangbanna (Fig. 1b) , during July and August 2012. The data was derived from two rubber clones, RRIM600# and GT1#, the main plantation clones for Xishuangbanna, accounting for 94% of rubber trees in this region [39] . The 8 sites were spread out over the Xishuangbanna County and included the dominant clones for this area, thus assuring that our sampling pool is representative of the greater region, which is dominated by the same clonal types.
Fruit count
We used two methods for collecting and counting seeds, which proved suitable for rubber trees of different ages, these methods were adapted from past studies on the calculation of tree fruit yield [40e43]. The line of sight method-counting fruit/seeds in situ, either from the ground (for smaller trees) or with the aid of a ladder (for larger trees) and second, by counting the fruits on broken branches or trees that have fallen over due to storm damage. Rubber seed yield was then determined by calculating the average seed number, or weight, for a tree of a given age, and then factoring the number of rubber trees for a given area.
A number of assumptions have been made within this data set and the related calculations, which may result in certain limitations. A key assumption we are making is that the methods we have used will provide accurate data regarding the fruit count of rubber trees for the greater region, outside of Xishuangbanna. Furthermore, we assume that planting densities and seed yield [32, 33] a Different values of rubber seed yields are due to different planting densities. for this study is representative of the SE Asia region. We also rely on government records and interview data from the local rubber farmers for the assessment of tree age, and assume this is accurate. Based on the planting histories of the region and that the clones grown in Xishuangbanna were derived from those used in SE Asia, we are confident that our work is accurate and representative.
Calculations and statistics
Fruit counts from 21 trees between the ages of 4e7 years and 106 trees between the ages of 8e40 years were recorded. Tree age was determined by consulting government records or local farmers, who supplied the time of planting.
The following formulae were used to calculate seed yield, seed oil weight and to convert rubber seed oil to biodiesel:
where S represents the total seed yield; F is the amount of fruit on the tree, S n is the number of seeds per fruit (S n ¼ 3 for rubber trees), S w represents the average seed weight (average seed weight for RRIM600# is 3.086 g, and for GT1# is 2.777 g [43, 44] , and T n is number of trees in 1 ha of rubber plantation (T n ¼ 500 for this study [38] ).
2. Seed oil weight (g):
where SO w is the total seed oil weight; S w the average seed weight (average seed weight for RRIM600# is 3.086 g, and for GT1# is 2.777 g [44] ), and S o the seed oil content (S o ¼ 0.1667 for rubber seeds [44] ).
3. Total yield of rubber seeds (kg yr):
where RS total represents the total amount of rubber seeds produced (kg yr). For a given area, in this case, Xishuangbanna; RS a , RS b , and RS c represent the amount of rubber seeds produced for the different clonal varieties found in Xishuangbanna (a e RRIM600#, b e GT1#, and C e average of remaining clones); P is the proportion of total land utilized by the respective clones, in relation to the total area under rubber cultivation (a e 0.34, b e 0.6, c e 0.06); and A total is the total area under rubber cultivation (324.300 ha).
Total RSO (t):
RSO ¼ RS total Â 0:1667 where RSO is the rubber seed oil; RS total is the total rubber seeds produced (kg yr); and 0.1667 is the proportion of rubber seed oil in a rubber seed on a weight basis [44] .
Conversion of RSO to biodiesel: Biodiesel derived from RSO falls
between 93 and 98 percent of the weight of RSO [8, 15, 33, 45] , with 98% being an optimal conversion. We assumed the conservative scenario of 93% for our calculations, thus we calculate the biodiesel produced from RSO as follows:
BðgÞ ¼ RSOðgÞ Â 0:93 where B represents biodiesel (g) and RSO is rubber seed oil (g). Correlation and regression analyses were carried out using SPSS Statistics (version 17.0.0) software. A Student's T-test was performed to determine the influence of altitude on fruit yield.
Results and discussion
Relationship between tree age and size, and fruit yield
Regression analysis revealed that fruit yield increased with tree age according to an S curve, the curve equations for the two clones RRIM600# and GT1# being Fruit ¼ EXP (6.351e27.330/age) and R 2 ¼ 0.898 and Fruit ¼ EXP (7.612e27.635/diameter at breast height), R 2 ¼ 0.867 respectively (Fig. 2a) . Similarly, and directly related to tree age, DBH (diameter at breast height) was positively correlated with fruit yield (Fig. 2b) . with past studies investigating the relationship between the fruit and nut yield of trees against tree age and size, which found that yield increased as the trees aged and increased in size and DBH. However, other compounding factors, such as canopy size, have also been found to influence yield [42, 46] .
Seed yield not influenced by altitude
Seed yield was unaffected by altitude ( Fig. 3) , although, in Xishuangbanna it may appear that yield is inversely correlated with elevation as younger trees, which have been linked with lower seed yield (Fig. 2a) , are planted in the higher elevations. The planting of rubber into higher elevation zones comes about as prime planting areas in lower elevations are fully utilized. In contrast, rubber latex yields are known to decline and plantations are not economically viable above elevations of approximately 900 m in the Xishuangbanna area [37] .
Rubber seed yield and potential biodiesel production in Xishuangbanna
The average yield, calculated over a 40 year cycle, varied more than threefold between the two dominant clones, with RRIM600# producing 142, and GT1# 495 fruit each year. This has major implications regarding cultivar selection for the planting of new plantations as the rubber seed industry develops and provides alternative sources of income for rubber farmers. Farmers can currently earn 0.8e1.0 Yuan/kg for rubber seeds in Xishuangbanna, although it is likely that this value would increase as the market demand for rubber seeds is further developed.
When expressing the yield values according to a unit area, the RRIM600# produces 656.90 kg/ha/yr, and GT1# 2061.09 kg/ha/yr. Despite the threefold difference between the two clones, these values are far greater than many other studies on rubber seed yield (Table 1) [25, 26, 28, 31] . We are confident that the values presented here for seed yield are representative of the true yield for rubber trees in this region, as this is one of the few studies which has actively investigated this value. Many of the past studies have based yield values on government reports or sales figures from farmers, rather than directly investigating the number of fruit on the trees, as this was not the within the aims of these studies. Coupled with this, results from studies outside of SE Asia may be representative of other clonal types of rubber, which would yield different numbers of fruit, as well as being exposed to different environmental influences on fruiting.
GT1# and RRIM600# take 60% and 34% of the total area under rubber plantation in Xishuangbanna respectively, while other clones (such as PR107# and PR302#) take less than 6% of the planting area [39] . The average yield for this area, accounting for the percentage cover of the different clones, is 1553.19 kg.ha.yr À1 amounting to a seed production of 531,657 tones. Thus, there is a potential to produce 88,609 tones of RSO annually, subsequently, [24] . Fig. 3 . The average rubber seed yield at two different elevation zones. Different letters above the columns represents significant differences.
this oil can be converted into approximately 82,407 tones of biodiesel annually. This amount of RSO and biodiesel represent a huge resource that remains largely unutilized.
Rubber seed oil and potential biodiesel production for Southeast Asia
According to the Food and Agricultural Organization, in 2011 there were 9.71 MHa of rubber plantations worldwide. Of these, 90.05% are found in Asia (Fig. 4) [24] . Southeast Asia has 7.48 MHa of rubber plantations, making up 76.98% of the world's total rubber [24] . RRIM600# and GT1# are from Malaysia and Indonesia originally [47] , thus, working on the assumption that the average seed yield for Xishuangbanna is representative of the greater Southeast Asia region (as the clones and planting density are representative of the region [38, 47] ), we calculated the potential seed yield and subsequent rubber seed oil potential for the SE Asia region, which amounted to a total oil yield of 1.94 Mt ( Table 2) . We use the term potential, as this is what is possible, should the full extent of the rubber seeds produced in this region be utilized. When viewed in comparison to other bio-oils, the potential RSO production for this region exceeds that of the global production of sesame oil, safflower oil and linseed oil (Fig. 5) [48] . Additionally, if the RSO is converted to biodiesel, it amounts to an annual output of approximately 1.80 Mt of biodiesel from the SE Asia region (Table 2 ).
Conclusion
This is one of the first studies to clearly investigate and report on the average rubber seed yield of rubber trees, of different ages, as well as rubber plantations. In terms of factors influencing rubber seed yield, tree age and size are directly correlated with increased seed yield, and altitude does not play an influencing role. Furthermore, H. brasiliensis clonal types strongly influenced the amount of rubber seeds produced per hectare, a factor worth considering when establishing new plantations. The potential income provided to farmers and the contribution to the renewable energy sector act as strong incentives to pursue the development of this industry, as we can clearly show the full potential of rubber seed yield, as well as the related RSO (1.94 Mt) and biodiesel (1.80 Mt) production, on both a local and a regional scale.
